Here we report on the results of deep X-ray follow-up observations of four unidentified γ-ray sources detected by the Fermi/LAT instrument at high Galactic latitudes using the X-ray Imaging Spectrometers on-board the Suzaku satellite. All of the studied objects were detected with high significance during the first 3-months of Fermi/LAT operation, and subsequently better localized in the first Fermi/LAT catalog (1FGL). For some of them, possible associations with pulsars and active galaxies have subsequently been discussed, and our observations provide an important contribution to this debate. In particular, a bright X-ray point source has been found within the 95% confidence error circle of 1FGL J1231.1-1410. The X-ray spectrum of the discovered Suzaku counterpart
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Introduction

11
Observations with the EGRET instrument onboard the Compton Gamma-Ray Observatory
Reimer 2001). Also, variability studies were previously hampered by the limited statistics and 48 noncontinuous EGRET observations (Nolan et al. 2003) .
49
With the successful launch of the Fermi Gamma-ray Space Telescope, we now have a new op-50 portunity to study γ-ray emission from different types of high energy sources with much improved 51 sensitivity and localization capabilities than with EGRET. With its field of view (five-times-larger 52 than that of EGRET) covering 20% of the sky at every moment, and its improved sensitivity
53
(by more than an order of magnitude with respect to EGRET), the Large Area Telescope (LAT; already surpasses EGRET with 1451 sources detected at significance levels > 4σ within the with neither a typical blazar nor pulsar spectrum.
95
In § 2, we describe the Suzaku X-ray follow-up observations and the data reduction procedure.
96
The results of the analysis are given in § 3. The discussion and conclusions are presented in § 4 97 and § 5, respectively. A standard ΛCDM cosmology with Ω Λ = 0.73, Ω M = 0.27, and H 0 = 98 71 km s −1 Mpc −1 is assumed throughout the paper.
99
Observations and Analysis
100
Observations and Data Reduction
101
We observed four unidentified high Galactic latitude Fermi/LAT objects with the Suzaku X-102 ray astronomy satellite (Mitsuda et al. 2007 ). These are denoted in the 1FGL catalog as 1FGL J1231.1-103 1410, 1FGL J1311.7-3429, 1FGL J1333.2+5056, and 1FGL J2017.3+0603 (see Abdo et al. 2010c ).
104
All the sources but one (1FGL J2017.3+0603) were already listed in the 3rd EGRET catalog 105 (Hartman et al. 1999) and their γ-ray fluxes are given in Table 1 . The Suzaku observation logs 106 are summarized in Table 2 . The observations were made with three out of four CCD cameras
107
(X-ray Imaging Spectrometers; XIS; Koyama et al. 2007) , and a Hard X-ray Detector (HXD; have been detected with the HXD, in this paper we focus on the analysis of only the XIS data.
112
The XIS was operated in the pointing source mode and in the normal clocking mode during all the 113 exposures.
114
In the reduction and the analysis of the Suzaku data, HEADAS software version 6.7 and a 115 calibration database (CALDB; released on 2009 September 25th) were used. The XIS cleaned 116 event dataset was obtained in the combined 3 × 3 and 5 × 5 edit modes using xselect. We 117 excluded the data collected during the time and up to 60 seconds after Suzaku was passing the South
118
Atlantic Anomaly (SAA). We also excluded the data corresponding to less than 5 degrees of the 119 angle between the Earth's limb and the pointing direction (the Elevation Angle; ELV). Moreover,
120
we excluded time windows during which the spacecraft was passing through the low Cut-Off
121
Rigidity (COR) of below 6 GV. Finally, we removed hot and flickering pixels (using sisclean;
122 Day et al. 1998) . With all the aforementioned data selection criteria applied, the resulting total 123 effective exposures for all the observed sources are summarized in Table 2 .
Analysis
125
XIS images for each target were extracted from the two FI CCDs (XIS0, XIS3) within the 126 photon energy range from 0.4 to 10 keV. In the image analysis procedure, calibration sources lo-
127
cated at the corners of CCD chips were excluded. The images of Non X-ray Background (NXB)
128
were obtained from the night Earth data using xisnxbgen (Tawa et al. 2008 Table 3 .
148
The light curves were constructed for each potential X-ray counterpart of the observed Fermi 149 objects. Each light curve provides net-counting rates, with the count rates of the corresponding 150 background region subtracted. In the timing analysis, the FI (XIS0, XIS3) and BI (XIS1) CCD's 151 light curves were combined using lcmath, and then re-binned using lcurve. To assess statisti-
152
cal significances of the flux variations, the χ 2 test was applied to each constructed dataset (probing 153 a constant flux hypothesis with lcstats command). Finally, the XIS spectra for each source 154 region were extracted, with the same corresponding background spectra as defined in the image 155 analysis (see above). RMF files for the detector response and ARF files for the effective area were 156 generated using xisrmfgen and xissimarfgen (Ishisaki et al. 2007) . In this spectral analy-soft X-ray photons was set to the Galactic one with the equivalent column density of a neutral 161 hydrogen, N H , as given in Dickey & Lockman (1990) . In some cases where apparent systematic 162 features are visible as trends of the residuals with energy (see Figure 3) , we attempted to use an 163 inter-calibration constant between the FI and BI CCDs to improve the fits. From this inspection,
164
we found negligible improvement of the fits thus we conclude that the limited photon statistics is 165 the predominantly responsible for the somewhat unsatisfactory model fits to the data. 
Results
167
1FGL J1231.4-1410
168
Our Suzaku observations (interrupted for ≃ 20 days 1 ) revealed one X-ray point source (RA,
169
Dec) = (187.
• 790(1), −14.
• 192(1)) within the LAT error circle of 1FGL J1231.4-1410. Figure 1 
170
shows the corresponding X-ray image, prepared as described in § 2.2. For further analysis, the 171 source extraction region was set to within a 3 ′ radius around the X-ray intensity peak, and the with the χ 2 probability for a constant flux > 99%.
178
The X-ray spectrum of the Suzaku source, which we propose to be the most likely counterpart in the spectrum of the analyzed object (see Figure 3) . In order to further confirm the reality of this Tables 4 and 5 .
198
To sum up, we conclude that the X-ray counterpart of 1FGL J1231.1-1410 is robustly charac-
199
terized by a blackbody-type spectrum with a temperature of kT ≃ 0.16 ± 0.03 keV plus a power- 1410 using the Green Bank Telescope (GBT), just after our Suzaku observations. In addition, the
211
Fermi spectrum shows a cut-off at around a few GeV, which is consistent with the typical spec- 
1FGL J1311.7-3429
219 Two X-ray point sources were found within the LAT error circle of 1FGL J1311.7-3429.
220 Figure 4 shows the corresponding X-ray image with the northern Suzaku object, src A, located 221 at (RA, Dec) = (197.
• 939(1), −34.
• 508(2)) and the southern source, src B, positioned at (RA,
222
Dec) = (197.
• 942(1), −34.
• 534 (2)). Note that src B is situated just marginally within the edge The detail of the model fitting are summarized in Table 6 . Note that the observed X-ray spectra 
244
The associations of these faint X-ray sources with 1FGL J1333.2+5056 are therefore quite ambigu-245 ous. Within the Fermi/LAT error circle covered by the XIS exposure 2 , five X-ray enhancements 246 have been found with detection significances of more than 4σ, and these are denoted here as src A,
247
B, C, D and E (see Figure 7 and Table 3 ).
248
The light curves of src A, B, C, D and E with 5760 s binning are shown in Figure 8 in the 249 descending order. As noted above, all the analyzed X-ray sources are very dim, with X-ray fluxes 250 at the level of ∼ 10 −14 erg cm −2 s −1 . Hence, we could not assess the variability properties of the 251 selected objects by means of the χ 2 test with a constant flux hypothesis (see Table 7 ). The spectra 252 of the five X-ray sources, all extracted within 1 ′ source radii, are shown in Figure 9 . Again, limited 253 photon statistics precluded any detailed analysis, and therefore in the model fitting we applied 254 only single power-law models moderated by the Galactic absorption. The results are summarized in Table 8 . We also emphasize that the 1FGL error circle unfortunately runs off the edge of Suzaku 256 field of view. For all these reasons, we cannot persuasively identify an X-ray counterpart of the γ- 
1FGL J2017.3+0603
262
A single prominent X-ray point source was found at the edge of the 1FGL error circle of 263 the unidentified γ-ray source 1FGL J2017.3+0603. The X-ray source is located at (RA, Dec) =
264
(304.
• 310(1), 6.
• 052 (1)), as shown in Figure 10 . For the further analysis, we set the extraction 265 region to encircle this bright source with a radius of 3 ′ . The corresponding light curve of the newly 266 discovered X-ray source is show in Figure 11 with 620 s binning. The light curve is consistent (at Figure 12 shows the X-ray spectrum of the analyzed source.
269
A power-law model (photon index Γ ≃ 1.6) with the Galactic absorption provided the best fit to 270 the data, and the obtained best fit parameters are given in Table 9 .
271
The X-ray point source found at the edge of the 1FGL error circle is positionally coincident though the probability for such an association was not quantified. We denote its position in Fig-276 ure 10 with a white cross. More recently, radio and γ-ray pulsations with the pulse period of 2.9 ms 277 have been discovered using the Nancay radio telescope well within the Fermi/LAT error circle of 278 1FGL J2017.3+0603 (Cognard et al. 2010) , pointing instead to a pulsar (rather than blazar) as-279 sociation of this source. In Figure 10 we mark the position of the MSP PSR J2017+0603 with 280 a black cross. As shown, no X-ray counterpart of the pulsar has been detected by Suzaku/XIS.
281
In order to determine the corresponding X-ray flux upper limit, we set an additional source re-282 gion within 1 ′ radius around the position of the radio pulsar, and assumed a power-law emis-283 sion spectrum with photon index Γ = 2. The resulting 90% confidence X-ray upper limit is 284 S 2−8 keV < 2.61 × 10 −14 erg cm −2 s −1 . wind nebulae) to the detected hard X-ray continuum.
Discussion
300
Assuming that PSR J1231-1411 is a typical MSP with the spin period P = 3.68 ms and a the observed non-thermal X-ray luminosity assuming rough energy equipartition between ultra-314 relativistic electrons and the magnetic field.
315
In the case of 1FGL J1311.7-3429, two potential X-ray counterparts have been discovered 316 in our Suzaku observations. The association of this Fermi object with the northern source src A 317 is more likely, since the southern X-ray spot src B is located only marginally within the 95%
318
Fermi/LAT error circle of the γ-ray emitter. Yet the classification of 1FGL J1311.7-3429/src A,
319
for which the broad-band spectrum (including radio and optical upper limits) is shown in Fig-ure 14, remains vague. Currently, no radio or γ-ray pulsations have been found at the position of 321 1FGL J1311.7-3429, and this favors an extragalactic origin of the detected high-energy emission.
322
And indeed, the flat X-ray continuum (Γ ≃ 1.4) and the γ-ray-to-X-ray energy flux ratio 100
323
(with S 0.1−10 GeV ≃ 6.4 × 10 −11 erg cm −2 s −1 as given in the 1FGL catalog) would be consistent 
340
The broad-band spectral energy distribution of 1FGL J1333.2+5056/CLASS J1333+5056/src D is 341 presented in Figure 15 , including the LAT γ-ray, Suzaku X-ray, archival radio, and newly ana- 
366
The overall curved γ-ray spectrum of 1FGL J2017.3+0603, characterized by the small photon 367 index ≃ 1.88 ± 0.05, supports the pulsar association. On the other hand, the relatively large 
Implications
378
What class of astrophysical objects can be in general associated with the unidentified high
379
Galactic latitude γ-ray sources? It was noted, for example, that compact and relatively nearby 380 molecular clouds exist at |b| > 10 • , and these should emit γ-rays at least at some level. Torres et al. by the subsequent multi-frequency studies, as discussion in § 1. We note in this context that the
386
Galactic origin of high-latitude γ-ray emitters is especially probable for the objects located at 10 • ≤ 387 |b| ≤ 30
• within the Gould Belt (∼ 0.3 kpc from the Earth), which constitutes an aggregation of 388 massive late-type stars, molecular clouds, and supernova remnants (Grenier et al. 2000) .
389
A probably more challenging population of γ-ray emitters is represented by the isotropic com- 2003, and references therein), and the high efficiency of the particle acceleration at the structure 400 formation shocks required by the model was also noted (e.g., Keshet et al. 2003 ).
401
Radio galaxies are prime candidates for the unidentified high Galactic latitude EGRET sources,
402
especially since the only confirmed non-blazar AGN detected previously at GeV photon energies 403 was the nearby radio galaxy Centaurus A (Steinle et al. 1998; Sreekumar et al. 1999 ). Yet no other gue that the available data are consistent with the physical association between these two objects, 450 even though we were not able to identify robustly the Suzaku counterpart of γ-ray emitter due to a 451 large positional uncertainty of 1FGL J1333.2+5056. Finally, we found an X-ray point source in the 452 vicinity of 1FGL J2017.3+0603. This Fermi object was recently suggested to be associated with 453 a newly discovered MSP PSR J2017+0603 because of the detection of radio and γ-ray pulsations.
454
However, we did not detect the X-ray counterpart of the pulsar, but instead of the high-redshift 48.62 −16.02 4.5±0.5 0.04 † Data consistent with no variability between EGRET and Fermi/LAT observations. § The γ-ray fluxes determined by EGRET and Fermi/LAT marginally consistent within 2σ level. ‡ Data consistent with no variability between EGRET and Fermi/LAT observations because of the EGRET detection limit ≃ 6 × 10 −8 ph cm −2 s −1 . (Abdo et al. 2009c ). † The requested continuous 80 ks Suzaku exposure was interrupted by Target of Opportunity (ToO) observation of GRB 090708. For this reason the observation was divided into 30 ks and 50 ks segments before and after the ToO observation. Declination ( 
